the systemic circulation was markedly suppressed. These mice showed a dramatic increase in CD11b + monocytederived macrophages in the liver. The CD11b + macrophages that increased in LPS-primed mice were those with strong phagocytic/bactericidal activity and an upregulated expression of Fcγ receptor I, but the subfraction with a potent TNFproducing capacity and poor phagocytic activity diminished. The adoptive transfer of CD11b + macrophages from LPS-primed mice to control mice increased survival after bacterial infection and reduced the elevation of plasma TNF. LPS priming did not affect the CD68 + resident Kupffer cells, and CD68
Introduction
Lipopolysaccharide (LPS) tolerance, also called endotoxin tolerance, is a transient unresponsive state of the host to LPS stimulation in which cells or organs do not respond to further challenges with a large dose of LPS after prior exposures to low concentrations of LPS [1] . Macrophages are the principal cells responsible for the induction of this LPS tolerance [1, 2] . They are the main producers of tumor necrosis factor (TNF), particularly in response to LPS stimulation, and this TNF production by macrophages is considered to play a crucial role in the regulation of inflammatory processes of the host as well as in the induction of LPS tolerance. TNF is a key cytokine that drives local inflammation by activating macrophages in the tissue, and it also induces deleterious systemic effects after LPS exposure [3, 4] . The status of LPS tolerance, characterized by diminished TNF production in the host macrophages after a challenge with a high dose of LPS following precedent exposures to a low dose of LPS, correlates well with the avoidance of LPS-induced lethality [1, 2, 5] . Therefore, the reduction in the plasma TNF levels after a high-dose LPS challenge is considered to be one of the best markers for LPS tolerance induced in animals [5] .
When macrophages phagocytose bacteria, they become potently activated and produce certain amounts of TNF [6] . Despite its deleterious effect, TNF is indispensable for the elimination of infecting bacteria. Accordingly, the induction of LPS tolerance, i.e., a low TNF production status of tissue macrophages, might impair the host resistance to bacterial infections [5] . Consistent with this line of thinking, it has been reported that the neutralization of TNF by the administration of anti-TNF antibodies (Abs) did reduce its deleterious effects (e.g., shock and organ injury) after LPS challenge; however, improvement in the mortality of Escherichia coli -infected animals or patients with bacterial sepsis could not be achieved by simply neutralizing TNF [7] .
LPS tolerance not only reduces TNF levels but also augments phagocytosis and other activities of macrophages [1, 8] . Phagocytosis of invading bacteria by Kupffer cells is essential for host defense, especially against systemic bacterial infection, because 80% of all macrophages reside in the liver as Kupffer cells and are responsible for the elimination of circulating bacteria from the blood stream. We recently demonstrated that 2 types of F4/80 + Kupffer cells/macrophages exist in the mouse liver [9, 10] : one is a CD68 + subset which is considered to be tissue-resident macrophages and demonstrates a potent phagocytic activity, while a CD11b + subset is monocytederived recruited macrophages and has a potent TNFproducing capability. In the present study, using a LPS tolerance mouse model, characterization of those Kupffer cells/macrophages and their roles in systemic E. coli infection were investigated. No marked change in the number or functions of CD68 + resident Kupffer cells was observed, whereas a dramatic increase in the number of CD11b + monocyte-derived macrophages was obvious, and upregulated phagocytic as well as bactericidal activities with reduced TNF production were remarkable in that population. We also show that LPS-tolerant mice acquired significant resistance to lethal septicemia.
Materials and Methods
The experimental protocol of the present study was approved by the Institutional Ethics Committee of Animal Care and Experimentation, National Defense Medical College Japan (permission No. 14055).
Animals and Reagents
Male C57BL/6 mice (8 weeks old, body weight 20 g) were purchased from Japan SLC (Hamamatsu, Japan) and used for this study. E. coli strain B (ATCC 11303) and LPS ( E. coli 0111:B4) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and FITC-labeled E. coli as well as pHrodo-conjugated E. coli were purchased from BioParticles (Invitrogen Life Technologies, Carlsbad, CA, USA).
In vivo LPS Priming and Lethal Challenge with LPS or E. coli
To induce LPS tolerance, mice were primed with an intraperitoneal injection of 5 μg/kg LPS (dissolved in 0.5 mL phosphatebuffered saline, PBS) once daily for 3 times. Control animals were injected with PBS (0.5 mL). To monitor survival after LPS or E. coli challenge, 24 h after the last priming injection, the mice were intravenously challenged with a lethal dose of LPS (15 mg/kg) or viable E. coli (1 × 10 9 colony forming units [CFU]/mouse).
Collection of Blood or Tissue Samples and Measurement of Cytokines, Alanine Aminotransferase, and C-Reactive Protein
To measure plasma cytokine (e.g., TNF, interferon [IFN]-γ, interleukin [IL]-1β, IL-6, and IL-10), alanine aminotransferase (ALT), C-reactive protein (CRP), and tissue TNF levels after E. coli challenge, blood or tissue samples were obtained from the mice to measure the levels of cytokines, ALT, or CRP. The precise procedures are described in the online supplement (for all online suppl. material, see www.karger.com/doi/10.1159/000475931).
Isolation of Mononuclear Cells of the Liver, Spleen, and Other Organs, and Isolation of Neutrophils
To examine the TNF production by organ mononuclear cells (MNC) in E. coli -challenged mice, MNC were isolated from the liver, spleen, lung, Peyer patches, peripheral blood, and peritoneal exudate, using a Percoll solution-collagenase treatment method as previously described [9] [10] [11] [12] [13] . Neutrophils were also isolated from the blood as previously described [14] . The precise procedures are described in the online supplement.
In vivo LPS Tolerance in Mice 
Determination of Intracellular ATP Levels of Adherent Liver MNC
We examined intracellular ATP levels of adherent liver MNC in mice after LPS priming (1×, 2×, and 3×). Plastic adherent liver MNC were obtained as described in the online supplement [15] and their intracellular ATP levels were determined using a commercially available intracellular ATP assay kit (TOYO B-Net Co., Tokyo, Japan).
Viable Bacterial Count in the Liver
To examine the bacterial propagation in the liver after E. coli challenge, the livers were removed from the mice 12 h after bacterial challenge, and bacterial numbers were counted. Detailed information is described in the online supplement.
In situ Hybridization of TNF mRNA in the Liver
We examined the localization of TNF-producing cells in the liver after E. coli challenge. The removed livers were stained with hematoxylin-eosin (HE) for regular histological examination. Also, in situ hybridization of TNF mRNA was performed as described previously [16] . Detailed information is described in the online supplement.
In vitro Stimulation of MNC with LPS or Cocultivation with E. coli (Bacterial Killing Assay)
To examine the in vitro LPS-stimulated TNF production in the liver MNC, liver MNC (5 × 10 5 cells/200 μL) were obtained from LPS-primed/control mice 24 h after 3× LPS priming and then cultured with 10 μg/mL LPS for 3 h. To examine the E. coli -killing activity, liver MNCs were also cocultured with 1 × 10 5 CFU of E. coli in antibiotic-free medium for 6 h, and their bacterial killing activity was measured as previously described [14, 17] . TNF concentrations of the medium were measured 3 h after coculture initiation.
Flow-Cytometric Analysis
To examine the proportion of CD11b + and CD68 + subsets in the liver F4/80 + cells and alteration of their surface markers (e.g., CD69, CCR2, FcγRI, and C-type lectin domain family 4 member F [CLEC4F]), liver MNC were stained with the indicated fluorescence-labeled Abs of surface markers and a 3-color flow-cytometric analysis was performed using a FC500 flow cytometer, as described in detail in the online supplementary material. In situ hybridization of TNF mRNA in the liver Fig. 7c TNF production by LPS stimulation (in vitro) Fig. 4b by E. coli stimulation (in vitro) Fig. 5b E. coli killing assay Fig. 5a Intracellualr ATP levels TNF production and E. coli phagocytosis Fig. 10 pHrodo E. coli phagocytosis (with annexin V stain) Fig. 11 Depletion of CD68 + cells by clodronate liposome Fig. 12 Adoptive transfer of CD11b + cells 7 CFU of FITC-labeled E. coli as a tracer. After 20 min, liver MNC were obtained from the mice to examine TNF production capacity and E. coli phagocytic activity by F4/80 + liver MNC, using a PerFix-nc kit (no centrifuge assay kit, Beckman Coulter) and subsequently a flow cytometer. The precise details are described in the online supplement.
Digestion of pHrodo-Conjugated E. coli by Liver F4/80 + Cells and Annexin V Staining
We examined the digestive activity of E. coli and apoptotic potential in the CD11b + and CD68 + subsets of liver F4/80 + cells. Liver MNC were incubated with pHrodo (acidic pH-dependent fluorescence)-conjugated E. coli for 30 min to examine the acidification of phagolysosomes following the ingestion of E. coli . Additionally, to examine annexin V staining, the incubated cells were also stained with annexin V. Precise details are provided in the online supplement.
Depletion of CD68 + F4/80 + Cells by Clodronate Liposome Pretreatment
To examine the effect of CD68 + F4/80 + cell depletion on E. coli infection in LPS-primed mice, clodronate (LKT Laboratories, St. Paul, MN, USA) encapsulated into liposomes (100 μL of a 25 mg/ mL suspension) was intravenously injected into LPS-primed mice 1 and 4 days before E. coli challenge [9] .
Adoptive Transfer of CD11b + Adherent Liver MNC from LPS-Primed Mice to Control Mice
To examine the effect of the transfer of CD11b + liver macrophages on E. coli infection in LPS-primed mice, cells of the CD11b + subset were magnetically sorted from the adherent liver MNC of the LPS-primed or control mice using a MACS system (Miltenyi Biotec, Auburn, CA, USA) and were transferred to the normal mice. An E. coli challenge was then performed. Precise details are provided in the online supplement.
Statistical Analysis
Statistical analyses were performed using the StatView 4.02J software package (Abacus Concepts, Berkeley, CA, USA). Data are expressed as means ± SE. Survival rates were compared using the Wilcoxon rank test, and other statistical evaluations were performed using one-way analysis of variance followed by the Bonferroni post hoc test among multiple groups or unpaired Student t test between two groups. p < 0.05 was considered to indicate a significant difference. 
Results

Whole Experimental Study Design
A schematic representation of the entire experimental study design is shown in Figure 1 .
LPS Priming Improves Mouse Survival after Lethal
E. coli Challenge LPS priming with 3 daily intraperitoneal injections at a dose of 5 μg/kg successfully prevented all mice from lethal LPS challenge (15 mg/kg) although LPS priming with 1 or 2 injections of 5 μg/kg was not adequate to save the mice ( Fig. 2 a) . These pretreatments with low-dose LPS (LPS priming) protected the mice from stress-induced elevation of plasma TNF levels at 1 h and IFN-γ levels at 6 h in response to lethal LPS challenge ( Fig. 2 b, c) . This suggests that in vivo LPS tolerance was induced by LPS priming with 3 injections. Similarly, priming with 50 μg/ kg LPS, but not 0.5 μg/kg, induced LPS tolerance in the mice (data not shown). LPS priming rescued mice from lethal E. coli challenge with a marked suppression of plasma TNF and IFN-γ ( Fig. 2 d-f, 3 b, e). LPS priming also reduced the elevation of IL-1β, IL-6, and IL-10 levels after bacterial challenge ( Fig. 3 a, c, d ). These results indicate that LPS priming suppressed cytokine production and rendered the mice tolerant to lethal E. coli infection. However, LPS priming did not affect the neutrophil count after the bacterial challenge ( Fig. 3 f) .
Increased TNF Production Capacity and Bactericidal
Activity of Liver MNC MNC were obtained from the liver, spleen, lung, Peyer patches, peripheral blood, and peritoneal exudates 20 min after E. coli challenge and were incubated for 3 h to evaluate their TNF production capacity. Liver MNC produced substantial amounts of TNF compared to other organ MNC in both LPS-primed and nonprimed control mice, whereas no significant difference was observed in the TNF production of liver MNC in LPS-primed and control mice, or in other organ MNC, with the exception of peritoneal exudate cells (PEC) that were the first macrophages to encounter LPS priming ( Fig. 4 a) . However, when the method of LPS priming was changed to intravenous injections from intraperitoneal injections, the effect of PEC on TNF production disappeared (LPS priming vs. control, 26 ± 5 vs. 29 ± 4 pg/mL, respectively), while marked resistance to E. coli infection was successfully induced. Furthermore, intravenous LPS priming did not affect TNF production by peripheral blood MNC (data not shown). Liver and spleen MNC from the LPSprimed mice still produced a significant amount of TNF in response to in vitro stimulation with a stressful dose of LPS (10 μg/ml), although LPS priming somewhat reduced TNF production by liver MNC (but not spleen MNC) compared to that of the control mice ( Fig. 4 b) . The liver MNC obtained from the mice after 2 or 3 LPS injections (5 μg/kg) injections, but not 1 injection, showed potent bactericidal activities, as assessed by coculture with viable E. coli at an MNC:bacteria ratio of 5: 1 (5 × 10 5 cells to 1 × 10 5 CFU) ( Fig. 5 a) . Their TNF production was also somewhat reduced ( Fig. 5 b) . However, LPS priming did not affect the bactericidal activity of circulating neutrophils in mice (3× LPS priming vs. control: 329 ± 26 vs. 358 ± 50 CFU, 6-h culture with viable E. coli at a neutrophil:bacteria ratio of 5:1). We examined intracellular ATP levels the adherent liver MNC. LPS priming remarkably increased ATP levels, even after a single LPS injection ( Fig. 5 c) . Moreover, adherent MNC showed significantly higher ATP levels after 3 LPS injections in comparison to after a single injection ( Fig. 5 c) . LPS priming also significantly upregulated the in vivo phagocytic activity of F4/80 + Kupffer cells/macrophages when microspheres were intravenously injected (online suppl. 
Bacterial Propagation and TNF Production in the Liver of E. coli-Challenged Mice
Enhanced bactericidal activity of liver MNC in LPSprimed mice was consistent with a dramatic reduction in the number of viable bacteria in the liver 12 h after an in vivo lethal E. coli challenge compared to control mice ( Fig. 6 a) . Elevation of the plasma ALT levels was also reduced in these LPS-primed mice ( Fig. 6 b) . Control livers showed marked formation of bacterial clots in the sinusoidal space ( Fig. 6 c, arrows ) and hepatocyte necrosis with prominent infiltration of inflammatory cells ( Fig. 6 e, arrow) 12 h after E. coli challenge, whereas the livers from LPS-primed mice did not show such changes ( Fig. 6 d, f) . Liver TNF levels 1 h after intravenous challenge with E. coli showed significantly higher values than those of other organs (e.g., spleen, lung, and intestine) in both LPSprimed and control mice, and in addition, LPS priming did not reduce liver TNF levels at all compared to control mice ( Fig. 7 a) . Nevertheless, the plasma TNF levels in the hepatic vein (i.e., the drainage vein from the liver) in LPSprimed mice showed markedly lower values than those of control mice ( Fig. 7 b) . Therefore, the efflux of tissue TNF into the systemic circulation via the hepatic vein after E. coli infection was considered to be drastically suppressed, despite the fact that LPS-primed mice produced a considerable amount of TNF in the liver. To determine the localization of TNF-producing cells in the liver, in situ hybridization was performed. Control mice showed an accumulation of TNF mRNA-positive Kupffer cells/macrophages around the central and portal veins ( Fig. 7 c, control liver, arrows), whereas most TNF mRNA-positive Kupffer cells/macrophages in LPS-primed mice localized to the midzonal area and apart from interlobular portal or central veins ( Fig. 7 c, LPS-primed liver, arrows). LPS priming thus markedly affected the distribution of TNF-producing cells in the liver after E. coli challenge, thereby reducing the systemic influence of TNF. Moreover, most of Kupffer cells/macrophages from LPSprimed mice showed a much weaker TNF mRNA expression in comparison to control mice. ( Fig. 8 a) . The CD68 + subset showed a higher intensity of F4/80 than the CD11b + subset in both the LPS-primed and nonprimed control mice (mean flow intensity [MFI] of F4/80; 4.9 ± 0.1 vs. 2.4 ± 0.3 in LPSprimed mice and 4.9 ± 0.4 vs. 2.0 ± 0.3 in control mice, p < 0.01). The total numbers of F4/80 + cells in the mouse liver were markedly increased even after a single LPS priming, and the increased numbers were maintained after 2× or 3× LPS priming ( Fig. 8 b) . This increase in liver F4/80 + cells was mainly ascribed to an increased number of cells in the CD11b + subset ( Fig. 8 b) . F4/80 -CD11b + cells were also increased in the liver after 3× LPS priming ( Fig. 8 b) , suggesting that neutrophils accumulated in the liver due to repetitive LPS priming. However, F4/80 -CD11b + cells still represented a smaller population than that of the F4/80 + CD11b + cells in the liver after 3× LPS priming. F4/80 + CD11b + cells markedly upregulated the expression of CD69 and CCR2 after a single LPS priming ( Fig. 9 a, b) . The plasma monocyte chemotactic protein-1 (MCP-1) levels were also elevated in mice after a single LPS priming (online suppl. Fig. 2A) . The CD11b + subset may infiltrate the liver via MCP-1/CCR2. However, after 2× or 3× LPS priming, the CD11b + subset downregulated the expression of CD69 and CCR2 ( Fig. 9 a, b) but strongly upregulated the expression of Fcγ receptor I (FcγRI) ( Fig. 9 c) . The functional alteration in the CD11b + subset may occur through repeated LPS priming. The expression of CD69 in the CD68 + subset of control mice was higher than that in the CD11b + subset, but expression was neither drastically altered after LPS priming nor was their number or expression of CCR2 ( Fig. 9 a, b) . The CD68 The effect of LPS priming on the TNF production in the organ MNC. a LPSprimed (3×) or control mice were challenged with 1 × 10 9 CFU i.v. of E. coli . After 20 min, indicated organ MNC were obtained from mice and incubated for 3 h to measure TNF production. Basal levels of TNF in liver MNC: LPS-primed mice 37 ± 3 pg/mL, control mice 37 ± 6 pg/mL; basal levels of TNF in lung MNC: LPS-primed mice 19 ± 3 pg/mL, control mice 26 ± 1 pg/ mL; basal levels of TNF in spleen MNC: both LPS-primed/control mice 11 ± 1 pg/ mL; basal levels of TNF in other MNC: both LPS-primed/control mice <10 pg/mL. b Liver/spleen MNC obtained 1 day after thrice LPS priming were cultured with or without 10 μg/mL LPS for 3 h to measure TNF production. Data are means ± SE from 5 mice in each group. PBMC, peripheral blood mononuclear cells; PEC, peritoneal exudate cells. ( Fig. 9 c) . Interestingly, the expression of C-type lectin domain family 4 member F (CLEC4F) in the CD68 + subset was remarkably higher than that in the CD11b + subset; however, the CLEC4F expression was not significantly changed by LPS priming in either the CD68 + or CD11b + subsets ( Fig. 9 d) . + cells from control mice after E. coli infection showed both fractions of active phagocytosis with low TNF production ( Fig. 10 upper left panel, solid square) and high TNF production without phagocytic activity ( Fig. 10 upper left panel, dotted square) . In contrast, the CD11b + subset cells from LPS-primed mice exclusively showed low TNF production with strong phagocytic activity ( Fig. 10 , upper right panel, solid square) . Thus, following LPS priming, the role of CD11b + cells shifted from inflammatory responses via the production of TNF to bacterial clearance by increasing the fraction with active phagocytosis. Notably, there was no CD11b + subset fraction that showed both high TNF production capacity and active phagocytosis. Therefore, TNF production and phagocytosis were considered to be independently regulated by distinct CD11b + subpopulations. Regarding the phagocytic activity of the CD68 + subset in hepatic F4/80 + cells, no obvious difference was observed between control and LPS-primed mice. Additionally, no fraction of CD68 + cells demonstrated high TNF-producing capacity ( Fig. 10 ) .
Roles of the
Enhanced Phagolysosome Formation in the CD11b
+
Subset of Liver F4/80
+ Cells from LPS-Primed Mice Analysis using pHrodo-conjugated E. coli revealed that phagolysosome formation was upregulated in the CD11b + subset of liver F4/80 + cells by LPS priming ( Fig. 11 a) . Because the bactericidal activity inside Kupffer cells is strongly dependent on the fusion of phagosomes with lysosomes to make activated phagolysosomes, enhanced pHrodo fluorescence in CD11b + cells from LPSprimed mice showed that they are the main fraction which takes charge of bacterial clearance in systemic infection. Although the CD68 + subset also showed active phagocytosis against pHrodo-conjugated E. coli , the proportion of positive cells did not differ between LPSprimed and control mice ( Fig. 11 a) . F4/80 -CD11b + cells in the liver did not upregulate phagocytosis of pHrodoconjugated E. coli by LPS priming ( Fig. 11 a) . In addition, the CD11b + subset in F4/80 + cells phagocytosing pHrodoconjugated E. coli in the LPS-primed mice showed much weaker reactivity to annexin V than those in the control mice ( Fig. 11 b) . However, there was no obvious difference in the reactivity to annexin V between CD68 + subset cells from LPS-primed mice and those from control mice.
Thus, LPS priming recruited a distinct CD11b + fraction that showed augmented phagocytosis and bactericidal activity with resistance to apoptosis. Strong resistance to systemic bacterial infection in LPS-primed mice was considered to be explained by the existence of this distinct CD11b + fraction. + subset from the liver, while the CD11b + subset remained as a main fraction in LPS-primed mice ( Fig. 12 a) . This result was consistent with previous reports [9, 10, 18] . Despite the depletion of the CD68 + subset in the liver, LPS-primed mice still showed strong resistance to a lethal bacterial challenge ( Fig. 12 b) , and the plasma TNF response to bacterial infection was effectively suppressed ( Fig. 12 c) . The liver MNCs obtained from LPS-primed mice injected with clodronate liposomes still showed significant bactericidal activity and a certain degree of TNF production by coculture with E. coli, similarly to the LPS-primed mice that did not receive clodronate treatment ( Fig. 12 d, e) .
Adoptive Transfer of CD11b + Adherent Liver MNC from LPS-Primed Mice to Control Mice Induces Partial LPS Tolerance
The CD11b + cells were magnetically sorted from the adherent liver MNC of LPS-primed mice (F4/80 positivity: 80%, online suppl. Fig. 3 ) or nonprimed control mice (F4/80 positivity: 81%) and were transferred to normal mice. F4/80-negative cells were mainly neutrophils (online suppl. Fig. 3 ). An E. coli challenge was then performed. The transfer of the CD11b + adherent liver MNC from the LPS-primed mice significantly increased the survival of the mice after the E. coli challenge in comparison to nontransferred control mice ( Fig. 13 a) , while the transfer of the CD11b + cells from the nonprimed mice did not significantly increase mouse survival after the bacterial challenge. Interestingly, the transfer of CD11b + cells from the LPS-primed mice significantly suppressed the elevation of plasma TNF in mice 1 h after the E. coli challenge, whereas the transfer of the CD11b + cells from the nonprimed mice did not affect the plasma TNF after the bacterial challenge ( Fig. 13 b) . These results support the notion that CD11b + monocyte-derived macrophages are a key fraction in the induction of LPS tolerance and play a major role in resistance to bacterial infection. 
Expression of TLR4 and TNF Receptors on Liver F4/80 + Cells in LPS-Primed Mice and Plasma MCP-1, TNF, and CRP Levels in Response to Priming Injection with LPS
Discussion
During phagocytosis of bacterial pathogens, activated macrophages typically produce a certain amount of TNF, which is crucial for the effective elimination of troublesome bacteria such as Mycobacterium tuberculosis [19] or Streptococcus pneumoniae [20] . However, it is well known that high levels of circulating TNF deteriorate septicemia. Thus, too much TNF production is not a good sign in the host with systemic infection. In this study, LPS-tolerant mice showed significantly reduced plasma TNF levels after E. coli challenge but maintained a dramatic enhancement of bactericidal activity of CD11b + -recruited macrophages. Kupffer cells/macrophages with potent TNFproducing capacity did not emerge after E. coli challenge in LPS-primed mice; however, both CD11b + and CD68 + subsets of Kupffer cells/macrophages retained TNF-producing capabilities to a certain degree. Interestingly, the outflow of TNF into the systemic circulation was markedly suppressed, thus TNF-induced deterioration of the host condition was considered to be suppressed to an insignificant level. The heterogeneity of macrophages has been noted by many investigators and they are generally classified into two distinct populations, tissue-resident macrophages that are F4/80 high and bone marrow-derived monocytes/ macrophages that are F4/80 low [18, [21] [22] [23] [24] . The former is also CD11b low , while the latter are CD11b high . Interestingly, Davies et al. [22] + subset with strong phagocytic activity (tissue resident) and a CD11b + subset with potent proinflammatory cytokine-producing capability (bone marrow derived) [9, 10] . Consistent with the report of Davies et al. [22] ( Fig. 6 a) [9, 10] . Taken together with these findings, the F4/80 high CD68 + subset in the present study is presumably similar to the F4/80 high CD11b low subset, which is considered to be composed of tissue-resident Kupffer cells, and the F4/80 low CD11b + subset is similar to the F4/80 low CD11b high subset, which is considered to be composed of the monocyte-derived macrophages in the liver. Additionally, Klein et al. [21] demonstrated that tissue-resident (sessile) Kupffer cells are radioresistant while monocyte-derived macrophages are radiosensitive. The CD68 + subset is also radioresistant but the CD11b + subset is radiosensitive [25] . The authors of the present study and many other investigators believe that tissueresident Kupffer cells are involved in the clearance of microorganisms while the monocyte-derived macrophages are involved in the induction of inflammation and play a role in immune surveillance [22] .
In vivo LPS tolerance almost completely depleted a CD11b + subfraction which showed potent TNF-producing capability but lacked phagocytic activity ( Fig. 10 upper right panel, dotted square). According to the results of the immunohistochemical analysis, we speculate that CD11b + monocyte-derived macrophages are located in the perivascular/periportal area in normal mice and produce substantial amounts of TNF in response to bacterial stimuli. TNF produced by these CD11b + perivascular macrophages may efflux into the systemic circulation and also plays a role in activating the phagocytic function of 
CD68
+ tissue-resident Kupffer cells that are located in the midzonal area [9, 10] . TNF activates liver macrophages via NF-κB activation in the presence of IFN-γ, which is plentifully produced in the infected liver [26, 27] ; the activated macrophages then enhance the phagocytic activity against microorganisms. The secretion of TNF and the phagocytic activity of the activated macrophages are closely related to each other [6] . As previously reported, CD11b
+ monocyte-derived macrophages recruited from the bone marrow have an immune surveillance function [21, 22] , and exaggerated TNF production by these cells may on occasion cause severe inflammation and tissue damage in the host [12, 28, 29] .
Under conditions of LPS tolerance, however, such CD11b + liver macrophages with potent TNF-producing capacity were not seen in the perivascular/periportal area. In contrast, the TNF-producing liver macrophages (albeit weak TNF mRNA expression) were increased in number and located in the midzonal area in LPS-tolerant mice ( Fig. 7 c) . In addition, after large amounts of E. coli challenge the plasma ALT levels were decreased in these mice ( Fig. 6 b) , suggesting that hepatocytes remain relatively intact after severe infection. The TNF produced by the midzone macrophages may have been consumed by the surrounding hepatocytes in order to protect against hepatocyte injury and prevent TNF spillover into the circulation. TNF is known to be either hepatotoxic or hepa- toprotective, depending on the condition of the liver [30, 31] . Consistently, TNF in the liver of LPS-tolerant mice may enhance the reactivity of CRP production to E. coli challenge (online suppl. Fig. 2D ), suggesting that hepatocytes effectively use/consume TNF to produce acutephase proteins. These findings could explain why LPS tolerance reduces the TNF levels in the hepatic vein and sera and suppresses systemic inflammatory responses af- ter intravenous bacterial challenge. However, in LPSprimed mice, the CD11b + subset as well as the CD68 + subset in liver F4/80 + cells still showed a certain (albeit weak) TNF-producing capability. Therefore, appropriate amounts of TNF may be required for Kupffer cells/ macrophages to exhibit effective phagocytic activities against bacteria.
Although in vivo LPS tolerance did not significantly affect the number or function of the CD68 + subset in liver F4/80 + cells, it dramatically affected the ability of the CD11b + subset both quantitatively and qualitatively. Several investigators have suggested that monocyte-derived macrophages can replace tissue-resident macrophages and may do so under certain inflammatory conditions [18, 22, 23] . Previously, we also found that mouse CD11b + liver macrophages acquire the phagocytic activity after E. coli challenge [9] . LPS tolerance actually changed the predominant Kupffer cell/macrophage fraction from the CD68 + subset to the CD11b + subset. The CD11b + subset from LPS-primed mice gained both phagocytic and bactericidal activities; however, this was associated with reduced TNF-producing capability.
LPS tolerance downregulates TLR4 expression on Kupffer cells/macrophages [32, 33] , thus indicating their hyporesponsiveness to LPS. Although in vivo LPS tolerance dramatically reduced the inflammatory response to LPS challenge or bacterial infection, it was not an immunosuppressive condition because adherent liver MNC (macrophages) showed a significant increase in their ATP levels, and CD11b
+ liver macrophages showed a potent phagocytic/bactericidal activity. Severe stress, such as burn injury, may also reduce the inflammatory responses to bacterial infections [34] . However, such stress is quite different from in vivo LPS tolerance since Kupffer cells/ macrophages after burn injury show a markedly reduced phagocytic activity and contribute to the aggravation of infectious diseases [11] .
Contradictory results are intermingled in LPS tolerance. While LPS priming stimulates intracellular signaling through TLR4 [35] and upregulates the phagocytic function in CD11b + macrophages, LPS-TLR4 signaling is presumably diminished in these cells after the induction of LPS tolerance, and the production of TNF via the NF-κB pathway is strongly suppressed [2, 33, 36] . However, the phagocytic activity of CD11b + liver macrophages is upregulated by the enhanced FcγRI expression [8] . Using an in vitro LPS-tolerant model, Foster et al. [37] elegantly demonstrated that TLR4-induced genes were divided into two categories according to their functional status; genes encoding proinflammatory mediators were transiently inactivated in bone marrow-derived mouse macrophages, whereas the expression of genes that encode antimicrobial effectors was preserved in LPS-tolerant macrophages. Thus, LPS tolerance is shown to induce "gene reprogramming" rather than downregulation of LPS-related genes.
The LPS dose used to induce in vivo tolerance in the present study was only 5 μg/kg, which was much lower than that of the previous reports. Nevertheless, even the administration of 2-4 ng/kg LPS evoked various inflammatory responses in healthy human volunteers [38, 39] , suggesting that humans are extremely sensitive to LPS compared to mice. Because in vitro LPS tolerance was successfully induced using peripheral blood monocytes 509 from healthy donors [40] , it is theoretically possible to induce in vivo LPS tolerance in humans. From a therapeutic aspect, in vivo LPS tolerance may be beneficial for augmenting host resistance against infections, in particular in immunocompromised hosts, although the establishment of a safe LPS tolerance induction procedure is crucial for preventing undesirable systemic inflammatory responses.
